Separation of Tissue and Serum Creatine Kinase Isoenzymes by
Ion-Exchange Column Chromatography Donald W. Mercer I describe a simple, rapid anion-exchange column chromatographic technique for separating the creatine kinase (CK) isoenzymes in human serum and tissue. Extracts of CK-rich tissues (skeletal muscle, cardiac muscle, and brain) were used to determine optimum conditions for separating CK isoenzymes MM, MB, and BB. Samples, layered on mini-columns (0.5 X 6.0 cm) of DEAE-Sephadex A-50, were eluted stepwise with Tris-buffered sodium chloride (100, 200, and 300 mmol/Iiter).
Column effluents were assayed by the Rosalki CK method. Distribution of total activity among the eluted fractions was tissue-specific and reproducible. Evaluation of sera from 71 patients with myocardial infarction and other diseases associated with elevated CK activity revealed isoenzyme patterns that resembled those of either cardiac muscle or skeletal muscle. Cardiac pattern (presence of MB isoenzyme) and clinical documentation of myocardial infarction were 100% correlated in the 35 patients so studied. The effective use of CK1 as a sensitive indicator of acute myocardial infarction has recently been dim inished because of numerous reports of CK elevations owing to noncardiac conditions, such as chronic alco- 
Materials and Methods

Tissue and Serum Preparation
Human tissue used in this study was taken from autopsy material in which no gross anatomical changes were evident. Homogenates
(1 g diluted to 10 ml) were prepared with Tris-hydrochloride buffer (50 mmol/liter, pH 8.0) containing sodium chloride (100 mmol/liter) and dithiothreitol (0.1 mmol/liter). After the homogenate was centrifuged (12 000 x g, for 10 mm), the insoluble pellet was discarded and the supernate used in subsequent chromatographic experiments.
Sera with CK activity greater than six times normal were obtained from a general hospital population, and kept refrigerated until isoenzyme analysis, which usually was done within two days.
Enzyme Activity Analysis
CK was assayed with an ultraviolet kinetic test kit (Smith Kline Instruments, Palo Alto, Calif. 94304) based on the method of Rosalski (11) . All assays were conducted either with the DSA 564-B (Beckman Instruments, Fullerton, Calif. 92634) or with the semi-automated "Eskalab" spectrophotometer (Smith Kline).
Electrophoresis
Isoenzyme electrophoresis was performed on polyacrylamide (7 g/dl) and applied to the top of the polymerized gel (0.5 X 3.5 cm). Electrophoresis was performed at 2 mA per gel with the Tris-glycine buffer system as originally described by Davis (12) . CK isoenzymes were detected on sliced 2.5-mm segments of the polyacrylamide gel. Gel segments were placed in separate test tubes containing 0.2 ml of the Tris-hydrochloride-sodium chloride-dithiothreitol buffer, and aliquots were removed and assayed for CK activity after they had soaked overnight at room temperature.
Column Chromatography
The mini-column consisted of a 12.5-cm Pasteur pipette (Chase Instruments, Lindenhurst, N.Y. 11757) filled with about 60 mg of the anion-exchanger "DEAE-Sephadex A-50" (Pharmacia, Piscataway, N.J. 08854). Column dimensions were 0.5 X 6.0 cm. The ion-exchanger was prepared for column packing by slowly mixing 5 g of dry DEAE-Sephadex with one liter of Tris-hydrochloride starting buffer (50 mmol/liter, pH 8.0) containing sodium chloride (100 mmol/liter).
After sedimentation and decantation the ion-exchanger was resuspended in another liter of starting buffer. After repeating the sedimentation and decantation step, a slurry of about one part ionexchanger to four parts starting buffer was transferred to a vacuum flask, where trapped air bubbles were removed under decreased pressure. The de-aerated slurry was poured into the column until the final height of the settled suspension was 6 cm. Before the sample was applied, 2 ml of starting buffer was passed through the column. (It was convenient to prepare large numbers of columns at the same time and to store them until needed; columns stored at room temperature for two weeks have performed satisfactorily). Figure 1 is a diagrammatic representation of the chromatographic process. A sample volume of 1 ml, containing CK activity in the range of 600 to 2000 mU, was applied to the top of the column and sample effluent was collected in the first vial. After the mini-column had drained, the second collection vial was placed under it. Subsequent elution was stepwise with eluents of Tris-buffered sodium chloride: were collected in vials 8, 9, and 10. A flow rate of 0.5 ml/min was maintained. Total elution time was about 15 mm. Aliquots (50 to 200 il) of column effluents were assayed for CK activity.
Results
The ion-exchange chromatographic system was characterized by running extracts of CK-rich tissues through the column. Figure 2 depicts the behavior of the MM isoenzyme from skeletal muscle, the MB isoenzyme from cardiac muscle, and the BB isoenzyme from brain. Skeletal muscle extract exhibited CK activity assumed to be the MM isoenzyme in fractions 1 and 2. No activity was found in the other fractions. Cardiac extract exhibited about 90% of its CK activity in the MM isoenzyme region and about 10% in fractions 6 and 7. Activity in 6 and 7 was assumed to be the MB isoenzyme. MB isoenzyme was not found in the other tissues. Brain extract exhibited a predominant peak of CK activity in fractions 8, 9, and 10. Activity in these fractions was assumed to be the BB isoenzyme. All three of these tissue isoenzyme patterns have been reproduced many times with a number of different tissue preparations.
Evidence that these patterns are indeed real and not merely artifacts of the chromatographic system is shown in Figure 3 . In this experiment, column fractions 1 and 2 from cardiac muscle (MM isoenzyme), column fractions 6 and 7 from cardiac muscle (MB isoenzyme), and column fractions 8, 9, and 10 from brain (BB isoenzyme) were rechromatographed on DEAE-Sephadex.
As shown in Figure 3 , the ionexchange iso#{232}nzymes appeared as single peaks with unchanged elution characteristics.
Results of polyacrylamide-gel electrophoresis of the ion-exchange isoenzymes are shown diagrammatically in Figure 4 . All three ion-exchange isoenzymes showed single bands of activity with characteristic migration rates similar to those reported for MM, MB, and BB by other investigators (7) (8) (9) (10) 13) . The uniqueness of the ion-exchange isoenzymes was also demonstrated by the results of a thermostability ex- Figure 6 shows typical ion-exchange patterns of sera obtained from patients with myocardial infarction and from patients with other diseases that also exhibit elevated CK. These patterns were obtained by applying 1 ml of serum, containing about 1000 mU of CK, to the column. A close relationship between serum isoenzyme patterns and those of cardiac and skeletal muscle (Figure 2 ) was observed.
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Although MM isoenzyme found in fractions 1, 2, and 3 was the predominant peak of activity in both patterns, only in sera of patients with myocardial infarction was the MB isoenzyme detected. Table 1 relates diagnosis (of 71 patients in whose sera CK activity was more than six times normal) and serum isoenzyme distribution.
Note that of the 35 patients having a known myocardial infarction, MM and MB isoenzymes were detected in each case. However, in the remaining patients who had different diagnoses, only the MM isoenzyme was detected, but not the MB isoenzyme. BB isoenzyme was not detected in this group of patients.
Results of quantitative analysis for MM and MB in 20 patients with myocardial infarction are shown in Table 2 . Isoenzyme analysis was performed on specimens collected during peak activity of total CK without regard to specified post-infarct time periods. An average yield of 6% for MB isoenzyme was consistent with activities (approximately 10%) of Fig. 7 . Typical course of change in total CK and MB activities after myocardial infarction MB found in cardiac tissue. Correlation between MB yields and total CK was not observed.
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A typical time course for post-infarct activities of total CK and MB is shown in Figure 7 . These activities paralleled one another until 36 h after infarct, "(MB/MM + MB) X 100. U/lIter ml, containing 748 mU of CK, was applied to each of 10 ion-exchange columns.
The results (Table 3) proved to be satisfactory, and excellent recoveries of total CK activity from the columns were also observed (Table 3) .
Column capacity for MM isoenzyme was exceeded by CK samples with activities near 3000 U/liter. To (17, 18) . The results were clinically significant, but routine clinical use is limited, primarily because of the long elution time (2 to 4 h) and the long dialysis period (4 to 5 h) required before the serum is chromatographed.
The present ion-exchange method for separating CK isoenzymes is convenient for clinical use. The elution times usually associated with column chromatography have been eliminated by the use of minicolumns and stepwise elution techniques.
Need for pre-treatment of sample (dialysis) has also been eliminated by setting the column's exchangeable chloride concentration equal to the chloride concentration of serum. Under these conditions, MM isoenzyme of skeletal muscle quickly passes through the ion-exchanger while the MB isoenzyme of cardiac muscle and BB isoenzyme of brain remain attached until a specified increase in chloride concentration decreases their ionic interaction with the ion-exchanger. Quantitative assay of column effluents by a technique usually used to assay total CK completes the CK isoenzyme analysis.
Clinical results for the present technique confirm previous observations made with electrophoretic techniques that MB is quite specific for the detection of myocardial infarction if specimens are collected and assayed between 12 and 36 h after the infarct (19) . It is difficult to detect MB in late post-infarct specimens, either by electrophoresis or ion-exchange, because the activity becomes negligible. However, it appears that the ion-exchange technique is ideally suited for detecting trace activities of MB, because one can collect and concentrate MB effluents from a series of ion-exchange columns on which the specimen in question has been run.
Studies directed toward the detection of MB in late post-infarct specimens and in other specimens in which total CK activity is normal or slightly elevated are now in progress.
